Hydrogen-bond (H-bond) interaction energies in a-helices of short alanine peptides were systematically examined by precise DFT calculations, followed by a molecular tailoring approach (MTA). The contribution of each H-bond interaction in a-helices was estimated in detail from the entire conformation energies, and the results were compared with those in the minimal H-bond models, in which only H-bond donors and acceptors exist with the capping methyl groups.
Introduction
The hydrogen bond (H-bond) is one of the major factors that build the macromolecular structures of proteins, nucleic acids and their complexes. In particular, pair-wise H-bonds in protein backbones are essential to form their characteristic three-dimensional (3D) structures based on their ordered secondary structures, a-helices and b-sheets. Therefore, their structural energies should be correctly computed for analyses and predictions of protein 3D structures.
The individual force-fields used in classical molecular dynamics (MD) simulations show particular preferences and produce a-helical and b-structures [1] [2] [3] . This phenomenon is usually not a problem for simulations of rigid globular protein structures, but it becomes a critical issue for folding simulations of flexible disordered regions 4, 5) and long loops between secondary structures 6, 7) , to understand the functionally important conformational changes that occur as allosteric effects or induced folding upon ligand binding [4] [5] [6] [7] . Many attempts have been made to overcome this problem, by improving or rearranging the torsion energies [8] [9] [10] [11] , and by developing polarized charge models 12, 13) . However, these preferences have remained unclear, since their actual origins are unknown.
In our previous study 14) , we computed the conformation energies of the secondary structures formed by peptide fragments, using several quantum chemical (QM) methods: the Hartree-Fock (HF) method, the second-order Møller-Plesset perturbation theory (MP2), and the density functional theory (DFT). Consequently, we found that a high quality DFT method including van der Waals interactions, B97D/6-31+G(d), was comparable to the MP2 method, which is reliable but timeconsuming, for the Ace-(Ala)n-Nme system in vacuo 14) . Using this DFT method, the energies of parallel and anti-parallel b-sheets can be approximated more or less by the classical force-fields, AMBER ff99SB 15) , but those of the a-helical structures are significantly different. The differences were suggested to originate from the electrostatic energies associated with the H-bonds 14) .
In this paper, by using the molecular tailoring approach (MTA) 16) with the DFT B97D/6-31+G(d) method, we dissected the individual interaction energy associated with each H-bond, to form typical a-helix backbones with different lengths. To analyze the origin of the H-bond interaction energy in an a-helix, we designed additional simplified models: a minimal H-bond (MH) model, composed of only the atoms forming a single H-bond, and a single-turn (ST) model, composed of three successive alanine residues, (Ala)3, in the a-helix capped by acetyl and Nmethyl groups at the N-and C-termini, respectively. For those models, the individual H-bond energies were also computed by using MTA with the same DFT method, and the differences in the H-bond energies and the electronic structures among the complete a-helix and several models were analyzed. Finally, we discuss the putative reason underlying the secondary structure preferences in the classical force-fields used in molecular mechanical (MM) calculations.
Materials and Methods

a-helical structure (AH), Single turn (ST), and Minimal H-bond (MH) models
The a-helix models were first constructed by using 3-to 8-mer poly-alanine amino acids capped with an acetyl group (Ace) and an N-methyl amide group (Nme), denoted as Ace-(Ala)n-Nme, with the uniform (j, y, w) backbone angles for each residue: j = -57˚, y = -47˚, and w = 180˚. Here, n is from 3 to 8. Each structure was optimized in vacuo by energy minimization of the electronic state, while maintaining the backbone angles as mentioned below.
There are one to (n-2) backbone hydrogen-bonds (H-bonds) in the optimized Ace-(Ala)nNme (3 ≤ n ≤ 8) a-helical structures, which are denoted here as "AH models", between the backbone carbonyl group (-C=O) and the amide group (-NH) from the N-to C-terminus. They are denoted as AHn-1 to AHn-(n-2), respectively ( Figure 1A ), and their H-bond energies were individually computed by using MTA with the DFT method.
To analyze the origin of the H-bond interaction energy in the a-helix, we designed a minimal H-bond model (MH model), which is composed of two separated N-methylacetamide molecules, mimicking a single H-bond between the i-th and (i+4)-th residues ( Figure 1B ). In addition, we designed a single-turn model (ST model), which is composed of three successive alanine residues, (Ala)3, in the a-helix capped by acetyl and N-methyl groups at the N-and Ctermini, respectively ( Figure 1C ). The atom positions in these two models were the same as those in the corresponding AH models, except for the N-and C-terminal capping groups. For those models, the individual H-bond energies were computed by using MTA with the DFT method, in the same manner as for the AH models, and the energy differences among the H-bonds in those models were analyzed.
Theoretical calculations
All calculations including the structure optimization were performed on the above atomic models with the Gaussian09 program packages 17) with the DFT B97D/6-31+G(d) method, which can correctly reflect the van der Waals interactions, and this method was confirmed to be comparable to the MP2 method for the Ace-(Ala)n-Nme system in vacuo 14) .
It is not straightforward to extract the H-bond energy as a part of a large molecule, where the donor and acceptor atoms are linked through several covalent bonds. In fact, twelve covalent bonds link the acceptor atom, O, and the donor atom, H, in the backbone a-helical H-bond between the i-th and (i+4)-th amino-acid residues. Namely, the backbone a-helical H-bond is not a simple, additive pair-wise interaction, since it includes many-body effects with non-additive natures.
For that purpose, we employed the Molecular Tailoring Approach (MTA) developed by Deshmukh and Gadre, who showed that it is possible to estimate the intramolecular backbone H-bond energies of 310-helices in several model polypeptides 16) . Here, we used MTA to systematically compute the backbone H-bond energies in several a-helical peptide models.
The total energy of Ace-(Ala)n-NMe is approximated by dividing-and-conquering the energies of the fragments by MTA, using the following equation:
,-. In eq. [1] , each sum was taken for the possible combinations for (a, b, …) where 1 ≤ a, b, … ≤ (n+1). An example (n = 3) of the fragment models is shown in Figure S1 . The total energies of the systems are well approximated by the combinations of all possible fragments, as described below, and thus we computed the energy of the entire system (G0 in Figure 2 ), instead of the combination in the original MTA method 16) . We also computed the energy of a peptide fragment lacking the acceptor group (G1), the energy of a fragment lacking the donor group (G2), and the energy of a fragment lacking both the acceptor and donor groups (G12), as shown in Figure 2 . The H-bond energy, EHB, and the electron density change upon H-bond formation, DrMTA, were estimated as follows:
We also calculated the stabilization energy (SE) in eq. [4] , which we introduced in our previous paper 14) , by using the same DFT B97D/6-31+G(d) method:
where EMH N&C is the total energy of the MH model with both the N-and C-terminal Nmethylacetamide molecules ( Figure 1B ). EMH N and EMH C are the total energies of the two separated N-methylacetamide molecules at the N-and C-termini, respectively. Namely, DESE total is the energy difference between the total energy of the MH model with the a-helical H-bond and that where the H-bond acceptor and the donor are separated infinitely. All of the SE values were corrected for the basis set superposition error (BSSE) by the counterpoise method of Boys and Bernardi 18) . The ordinary electron density change upon H-bond formation, DrSE, was computed as follows:
As references, we also computed the MM interaction energies for the corresponding H-bond interactions, using the following eq. eq. [6] where i and j are four atoms attributed to peptides I and J, respectively: {C, O, N, and H}. Aij and Bij are the Lennard-Jones coefficients, rij is the distance between i-th and j-th atoms, and qi is the atomic partial charge of the i-th atom. Here, AMBER ff99SB force-field parameters 15) were used.
Electron density changes were computed using the cube files in the Gaussian09 program packages 17) , and the figures of the molecules with the electron density changes were produced by UCSF Chimera 19) .
Results
H-bond energies in a-helices
The total energies of Ace-(Ala)n-Nme estimated by MTA (EMTA), computed by eq. [1] , coincided well with the ordinary total energies E(F0) of the complete AH models. In fact, the differences in the values calculated by E(F0) and MTA, EMTA -E(F0), are indicated in Table 1 , and all of them were less than 0.09 kcal/mol, representing about 0.00001% of the total energies. These differences are similar to that obtained in the previous study of the 310-helix, where the difference was 0.11 kcal/mol 16) .
In Figure 3A , the H-bond energies between the backbone donors and acceptors are plotted for individual pairs for the models AH3 to AH8, depending on the distance between the donors and the acceptors for the AH models, ST models, and MH models by the MTA method, and the classical H-bond energies given by the MM calculation. The colors indicate the a-helical structures (Ace-(Ala)n-Nme) with different lengths (3 ≤ n ≤ 8), as indicated in the caption of Figure 3 . The structural variations were caused by the energy minimization procedures for the entire a-helical conformations, as mentioned in the Methods section. The actual energy values are summarized in Table S1 in the supplementary material.
As shown in Figure 3A and Table S1 , the N-terminal helical turns were largely deformed from the initial conformations providing different H-bond lengths during the energy minimization procedure. Moreover, the angle between the two vectors of the carbon atom to the oxygen of the carbonyl group of the i-th residue and the nitrogen to the hydrogen of the amide group of the (i+4)-th residue was also deformed from the initial value at the N-terminus, as shown by the open and thin symbols in Figure 3B . Those vector pairs formed angles larger than 170˚, and most of them were close to 180˚. At the third H-bond, this angle was slightly smaller, by about 5˚, than those of many other typical vector pairs, which were about 168˚ ( Figure 3B) .
Here, the H-bond energies in all of the models correlated well. In fact, when the H-bond energies calculated by the MTA method for the AH and ST models are plotted against those for the MH model, the H-bond energies calculated for the AH and ST models strongly correlated with that for the MH model, as shown in Figure 4 , with Pearson's correlation coefficients of 0.885 and 0.987, respectively.
The MM values have also a high correlation coefficient, 0.975, with the MH model, and even the absolute MM values are very close to the H-bond energies calculated by the MH models.
In contrast, the H-bond energies obtained by both the AH and ST models remarkably deviated from those calculated by the MH models.
Stabilization energies (SEs) in MH models
The SE values defined in eq. [4] for the MH models, DESE total , are also plotted in Figure 4 , and the actual values are provided in Table S1 . 
Electronic structures around the H-bond donors and acceptors
In addition to the H-bond energies, the MTA method can approximate the electronic structures around the H-bond donors and acceptors in a-helices. In fact, the ordinary electron density change upon H-bond formation, DrSE, for the first H-bonding donor and acceptor groups (8-1) of the ahelical alanine octamer, Ace-(Ala)8-Nme, was provided by eq. [5] , and it is shown in Figure 5 (A).
The corresponding electron density changes for the AH, MH, and ST models, DrMTA, computed by eq. [3] , are also shown in Figure 5 The differences in the electron density changes between the AH and MH models, and those between the ST and MH models were further computed, respectively:
In Figure 5 (E) and (F), the DDrMTA AH-MH and DDrMTA ST-MH values for the first a-helical turn are shown between the AH and MH models and between the ST and MH models, respectively. The electron density near the oxygen atom of the C=O group at the i-th residue decreased in both the AH and ST models, as compared with that in the MH model. In contrast, the electron density near the hydrogen atom of the N-H group at the (i+4)-th residue increased in the AH and ST models, as compared with that in the MH model. 
Discussion
H-bond energies by the MTA method
The energies of Ace-(Ala)n-Nme provided by the MTA method are approximated values. However, as shown in Table 1 , the differences in the values between the ordinary total energies for the complete F0 and those obtained by MTA, EMTA -E(F0), are very small. They are also small even in comparison to the H-bond energies, which are about -3 to 4 kcal/mol in this study. Thus, the Hbond energies estimated by the current MTA method should be quantitatively reliable, with about 3% errors, for discussing the H-bond interactions in a-helices.
The accuracy of the MTA method largely relies on the borders separating molecular segments. Historically, this issue was recognized as the "nearsightedness of electronic matter (NEM)" 20) to divide-and-conquer large molecular systems in general. Using the theoretical computations on the basis of the linear response function, the sp 3 junction was the most suitable location for partitioning peptide systems 21, 22) . In the current MTA procedures, all of the fragmentations followed the sp 3 junction mechanism to block the propagation of the electron density deviation.
In the MH models where the two peptide groups for hydrogen donors and acceptors are separated without any covalent bonds, the H-bond energies should directly correspond to the Stabilization Energies (SEs) including the BSSE corrections 18) . In fact, an almost perfect correlation appeared between the H-bond energies and the SEs, as shown in Figure 4 and Table S1 , and the differences were always the same, 0.93 kcal/mol, except for the N-termini where the backbone structures were largely deformed during the energy optimization procedures. Those differences are due to other interactions among the methyl groups that capped the N-and C-terminal peptide groups than the H-bond energies given by the current MTA analysis using the MH models. In addition, as shown in Figure 5 (A) and (C), the change in the electron density upon H-bond formation, DrSE in eq. [5] , is also well approximated by DrMTA MH in eq. [3] .
Thus, the current MTA method provides good approximations of the H-bond energies and electr onic structures in MH models, and so it is expected to give a reliable analysis for the H-bond interactions of the AH and ST models as well, as shown in Figure 5 (B) and (D). Morozov et al. 23) reported a similar approach to analyze the cooperativity of a-helix formation by using separated ahelical peptide fragments. In particular, their model including the short-range contribution was, in principle, designed to compute the dimerization energies using the SEs. Namely, their short-range interactions did not correctly account for the non-additive many-body interactions, and ignored the effects of the a-helical backbone atoms linking the H-bond acceptor and donor.
Analysis of the electronic structures
It is clear from Figure 4 and Table S1 that the H-bond energies for the AH models have similar values to those for the ST models, although the former ones tend to be slightly weaker than the latter ones. In contrast, the H-bond energies in the AH and ST models significantly deviated from those in the MH models, although the Pearson's correlation coefficients were very high. As shown in Figures 5E, 5F, S3 and S4, the electronic structures around the H-bonds in the AH and ST models distinctively deviated from those in the MH models, with the depolarization of the hydrogen donor and acceptor groups.
Thus, the phenomenon should be caused by the precise electronic structures in the ST and AH models. In order to analyze the origin of this phenomenon, we focused on the six model structures of AH8-1 to AH8-6. We found that the distances between the oxygen atoms in the carbonyl group of the i-th and (i+1)-th residues in the six H-bond pairs are short, 3.510±0.144 Å. In addition, those between the hydrogen atoms in the amide group of the (i+3)-th and (i+4)-th residues are also short, 2.676±0.038 Å. These short distances suggest that the carbonyl oxygen of the i-th residue has less electron density, and the amide hydrogen of (i+4)-th residue has more electron density, as revealed in Figure 5E and 5F.
By applying the Hirshfeld population analysis [24] [25] [26] , the electronic structures in the six ST models were analyzed around the carbonyl oxygen of the i-th residue and the amide hydrogen of the (i+4)-th residue, in comparison to those in the MH models, in which no neighboring carbonyl (C=O) or amide (NH) groups exist. As shown in Table S2C , for the G2 fragment of the ST model ( Figure 2C) , which lacked the H-bond donor group at the (i+4)-th residue but included the effect of the C=O group of the (i+1)-th residue, the Hirshfeld atomic charge of the carbonyl oxygen of the ith residue was 0.0303e±0.0036e larger than that in the MH model. The contribution of the amide hydrogen of the (i+4)-th residue for the G1 fragment of the ST model, which lacked the H-bond acceptor group at the i-th residue but included the effect of the amide group of the (i+3)-th residue, was 0.0154e±0.0010e less than that in the MH model. Similar Hirshfeld charge changes were also observed for the entire G0 systems, where H-bonds are formed between the C=O group of the i-th residue and the NH group of the (i+4)-th residue, as shown in Table S2A .
These depolarization effects also correlate with the local dipole moments. The local interatomic dipole moment for a system composed of N charges {qk | k = 1, …, N} is described by eq.
[9]
)( ⃗ E −< ⃗ >), eq. [9] where <q > is the average of the Hirshfeld atomic charges and < ⃗ > is their center position. For the C=O group of the i-th residue and the NH group of the (i+4)-th residue, the local dipole moments become simple, as shown in eqs. [10] and [11] :
Here Table 2A , when H-bonds were formed between the C=O group of the i-th residue and the NH group of the (i+4)-th residue, the average ratio of µ In order to examine the above phenomena, two other models, the HTN (N-terminal HalfTurn) and HTC (C-terminal Half-Turn) models, were constructed. In the HTN model, the (i+2)-th and (i+3)-th Ala residues were both deleted from the ST model and capped by methyl groups, as shown in Figure S5 (A). In the HTC model, the (i+1)-th and (i+2)-th Ala residues were both deleted, as shown in Figure S5 (B). Namely, the carbonyl group of the (i+1)-th residue is included in the HTN model, and the amide group of the (i+3)-th residue is included in the HTC model.
Consequently, the H-bond energies for the HTN and HTC models were located in the middle between the corresponding ST and MH models, as shown in Figure 6 by the filled and open triangles, respectively. The actual energy values are summarized in Table S3 .
A careful investigation of the H-bond energies of the AH and ST models in Table S1 and Figure   6 and Table S3 . Both of them have the middle H-bond energies between the corresponding ST and MH models, suggesting another depolarization effect.
These phenomena were also analyzed with the local electric dipole µ (Table 2A) . These dipole moments were both also reduced by about 2-3%, and their contributions to the total H-bond energies are smaller than those of µ i+1 CO or µ i+3 HN.
As shown in Figure 6 and Table S3 , the H-bond energies due to the surrounding carbonyl groups around the i-th residue and those of the amide group around the (i+4)-th residue were not additive. Namely, the simple summations of the energy differences of the H-bond energies between the HTN and MH models and between the HTC and MH models are always larger than the direct differences between the ST and MH models. Similarly, simple summations of the differences in the H-bond energies between the APN and MH models and between the APC and MH models could also overestimate the differences between the AH and ST models. Thus, they should be considered as non-additive many-body effects.
Finally, the putative effects of the helical dipoles at the backbone peptide planes that are far from the target H-bond locations were also investigated. Although the neighboring peptide dipoles at the (i-1)-th and (i+5)-th residues slightly contributed to the H-bond energy of the unit a-helix from the i-th to (i+4)-th residues, as discussed above, there was no significant dependence of the Hbond energies on the helix length, as seen in Figure 4 and Table S1 . The farther helical dipoles do not seem to affect the electronic structures of the H-bond donors and acceptors, although they contribute to the cooperative nature of the a-helix formation 23) .
Thus, we can conclude that the H-bond energies of the a-helix, as in the AH and ST models, are generally weaker than those of the separated H-bonds, as in the MH model, due to the depolarized electronic structures around the carbonyl oxygen of the i-th residue and the amide hydrogen of the (i+4)-th residue. Such depolarizations redistribute the electron density, and are caused by the local electronic interactions in their neighborhood inside the a-helical structure.
Similar H-bond energy changes depending on the peptide backbone structures were also found in the antiparallel b-sheet models in our previous paper 14) and others 27, 28) . When the SEs were computed, the odd-numbered β-sheet models had weaker SEs by forming smaller hydrogen bond ring structures, and the even-numbered β-sheet models had stronger SEs by forming larger hydrogen bond ring structures 14) .
Towards improvement of the H-bond energy by the classical force-field
The current analysis of the depolarization of the electronic structure at the carbonyl group of the i-th residue and the amide group of the (i+4)-th residue in an a-helix revealed the chemical origin of the incompleteness of any force-field parameters in MM computations for H-bond energies. Thus, we have the opportunity to overcome this problem by improving the force-field parameters to obtain more realistic H-bond energies.
In order to reproduce the actual H-bond energies by an MM computation, there are two putative ways to improve the force-fields, by modifying either the atomic partial charges or the backbone dihedral parameters.
The first approach that introduced new atomic partial charges, which are not constant but depend on the local molecular structures, is promising. Since the introduction of the classical MM computations and MD simulations, the constant atomic partial charges for backbone atoms have been widely used independently of the protein conformations, although the atomic charges greatly depend on the backbone structure. Numerous efforts have sought to develop force-fields, in which the polarization effects are included depending on the local electrostatic field 12, 13) . However, there were no systematic approaches to develop the atomic partial charges of the backbone atoms, which depend on the local backbone structures of peptides and proteins.
In the second approach to create new backbone dihedral parameters, they should depend not only on a single backbone parameter set (ji, yi, wi) of the single i-th residue, but also on the (ji-11, yi-1, w i-1) and (ji+1, yi+1, wi+1) values of the neighboring residues. So far, almost all of the dihedral parameters have been computed based on di-peptides, such as Ace-Ala-Nme, and thus they have ignored the changes in the electronic structures depending on the neighboring backbone structures.
Neither of the above approaches is simple, because the classical force-field artificially separates the whole peptide energy to individual energy terms, such as electrostatic energy and dihedral angle terms, which in principle strongly correlate with each other. Therefore, the balance between the many force-field parameters is essential, when trying to improve the H-bond energy in an a-helix by a classical MM computation, based on the depolarizing phenomenon found in this study.
Conclusion
The H-bond interaction energies and the associated electron density changes in the a-helical structures were systematically analyzed by the MTA method 16) , with high quality DFT and MM computations. MTA with the DFT computation is a powerful method to estimate the H-bond interaction energy in a large system, in which the H-bond donors and acceptors are linked to many other atoms with covalent bonds. The H-bond interaction energy in an a-helix depends strongly on the local backbone conformation, and the tendencies are well reproduced even by the classical MM model, based on the AMBER ff99SB force-field parameters 15) .
We first prepared the a-helical peptide models (AH models) by energy minimized Ace-(Ala)n-Nme a-helical structures, where n ranged from 3 to 8. In order to quantitatively dissect the origin of the H-bond interaction energy of the a-helix, we constructed the minimal H-bond model (MH model), which is composed of only the atoms forming a single H-bond, and a single-turn model (ST model), which is composed of three successive alanine residues, (Ala)3, in the a-helix capped by acetyl and N-methyl groups at the N-and C-termini, respectively. The individual H-bond energies were computed by using MTA with the DFT method. We found that the H-bond energies of the AH and ST models were always significantly weaker than those of the MH model.
Interestingly, the H-bond energy values of the MH model were similar to those of the MM model.
The H-bond energies of the AH model were only slightly weaker than those of the ST model.
Our current Hirshfeld population analysis for the Ace-(Ala)8-Nme model structures suggested that due to the closely located electric dipole of the carbonyl (C=O) group at the (i+1)-th residue, µ i+1 CO, to µ i CO at the i-th residue in the parallel direction in an a-helix, the dipole moments should decrease by depolarization. Similarly, due to the closely located dipole of the amide (NH) group at the (i+3)-th residue, µ i+3 HN, to µ i+4 HN at the (i+4)-th residue in the parallel direction, the dipole moments should also decrease. Thus, the local dipole moments, µ were also analyzed. Their local dipole moments were both reduced by about 2-3%.
So far, the MTA method has only been used to approximate the local energies in large systems 16) . Here, we have shown that the electronic structures are also provided in the details of the MTA method, and that the distributions of electron densities and their changes upon H-bond formation in the a-helix are useful to reveal the chemical origins of the H-bond interaction energies.
Since the classical MM computations and MD simulations started to be employed many years ago, the constant atomic partial charges independent of the protein conformations have been widely used, although the atomic polarization effects were sometimes included depending on the local electrostatic field 12, 13) . However, the electronic structures can change depending on the local structures and the environments of peptides and proteins. Recent QM/MM and QM/MD simulations could overcome these issues at some local and focused areas 29-31) , but they are not applicable to entire macromolecular systems, which include many a-helices. Thus, the H-bond energy values in MM computations should be improved by introducing new atomic partial charges or better backbone dihedral parameters, which should depend on the local peptide backbone structures.
Newer and better force-fields than the current ones are required for more reliable molecular simulations, particularly for better understanding of intrinsically disordered regions in proteins, which are abundant and important in many biological systems 4, 5, 32, 33) .
sescription of molecular interactions in gaseous and condensed phases. Table 2 Inter-atomic dipole moments of the carbonyl group (C=O) of the i-th residue and those of the amide group (NH) of the (i+4)-th residue by the Hirshfeld population analysis.
(A) ST, APN, APC, and MH models in G0 fragments. (B) ST, APN, and MH models in G2 fragments, and ST, APC, and MH models in G1 fragments. 
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